The determination of a patient's DNA sequence can, in principle, reveal an increased risk to fall ill with particular diseases [1,2] and help to design "personalized medicine" [3] . Moreover, statistical studies and comparison of genomes [4] of a large number of individuals are crucial for the analysis of mutations [5] and hereditary diseases, paving the way to preventive medicine [6] . DNA sequencing is, however, currently still a vastly time-consuming and very expensive task [4], consisting of pre-processing steps, the actual sequencing using the Sanger method, and postprocessing in the form of data analysis [7] . Here we propose a new approach that relies on functionalized nanopore-embedded electrodes to achieve an unambiguous distinction of the four nucleic acid bases in the DNA sequencing process. This represents a significant improvement over previously studied designs [8,9] which cannot reliably distinguish all four bases of DNA. The transport properties of the setup investigated by us, employing state-of-the-art density functional theory together with the non-equilibrium Green's Function method, leads to current responses that differ by at least one order of magnitude for different bases and can thus provide a much more robust read-out of the base sequence. The implementation of our proposed setup could thus lead to a viable protocol for rapid DNA sequencing with significant consequences for the future of genome related research in particular and health care in general.
The possibility of passing a DNA strand through a so-called "nanopore" with a diameter of only a few nanometers has been explored [10] [11] [12] [13] [14] for the purpose of DNA sequencing. A negatively charged single-stranded DNA (ssDNA) molecule (in solution with counter ions) is driven by an electric field from one side of a membrane to the other through the nanopore. As the nucleotides of the DNA are migrated across the membrane, they will partially block the pore in different ways depending on their size [15] . Thus, the ionic current through the pore due to passing counter ions is characteristically affected, and monitoring the ionic blockade [13, 16] could lead to the determination of the DNA sequence. To resolve the remaining ambiguity between the pyrimidine bases cytosine (C) and thymine (T), and the purine bases adenine (A) and guanine (G), it was recently suggested [17] that one could embed electrodes in the walls of a solid-state nanopore [18] . By applying a bias voltage across the electrodes a small electric current perpendicular to the DNA strand can be measured. Thus as the ssDNA migrates through the pore, time-dependent current-voltage signals from the electrodes would supposedly be specific enough to allow the unequivocal identification of the nucleobase passing across the pore at a given moment. The resulting time sequence of the current-voltage signal could then directly be translated into the corresponding DNA sequence. It is, however, still unclear whether or not the resulting current-voltage signal from pore-embedded electrodes is sensitive enough to reliably distinguish the four nucleic acid bases of DNA. The signals for different nucleotides are found to be identical within statistical error [8, 9] . Although it may be possible to resolve the nucleic acid bases using statistical analysis [9] , this approach requires previous calibration via repeated sampling of a known sequence, and the resulting signal currents are all of the same order of magnitude. For a specific identification, it would be desirable to have electrical current response for each nucleobase, which differ by one order of magnitude or more. Here we present the results of a systematic first-principles study to test the feasibility of introducing functionalized electrodes for nanopore DNA-sequencing. A schematic illustration of the key elements of the proposed device is shown in Fig. 1 . It consists of two metallic gold electrodes embedded opposite to each other in a nanopore through which a ssDNA molecule can pass. A chosen purine or pyrimidine DNA base molecule which acts as the molecular probe of the functionalized electrode is anchored to the inner surface of one of the electrodes via a thiol group. As a ssDNA is pulled through the nanopore via an applied electric field parallel to the nanopore walls, the probing molecule will simultaneously fulfill two functions: (i) stabilization of the target base in the DNA sequence by forming weak hydrogen bonds, and (ii) detection of the target base by coupling electronically to it. Since the nucleic acid bases occurring in natural DNA possess an inherent ability to selectively bind to their respective complementary base partners, all four base molecules (i.e. Adenine (A), Cytosine (C), Guanine (G), and Thymine (T)) are considered as the probe molecules in calculations.
We have started our investigation by performing a series of electronic structure calculations to determine the most stable pairing geometries between the probe and the target molecule. For each pair, five initial positions were considered corresponding to the five matching position at the H-bonding edge. We employed density functional theory (DFT) within the generalized gradient approximation (GGA) of the exchange and correlation functional, as parameterized by Perdew, Burke and Ernzerhof (PBE) [19] , incorporated in SIESTA [20] . The bias-dependent tunneling current is then calculated from the non-equilibrium Green's Function method based on the Keldysh formalism, as implemented in SMEAGOL [21] [22] [23] . The binding energies (E b ) of the "probe-target" base pairs formed temporarily in the nanopore are strongly correlated to the number of H-bonds formed as well as to the steric/electrostatic repulsion of atoms having similar electron affinities (see Table I ). The calculated values for E b show that the H-bonding can significantly stabilize the DNA molecule as it passes through the pore, thereby preventing drastic variations in the current due to thermal fluctuations of the structure and the uncertainty in the orientation of the base between the two electrodes. On the other hand, the H-bonding between probe-and target-base is weak enough to allow for an easy break-up when the ssDNA molecule is pulled through the nanopore by the electric field. The covalent bond of the probe-base's thiol group is, however, strong enough to keep the probe firmly placed on the surface of the gold electrode, without the risk that it would be swept along with the passing DNA molecule. Table I : Summary of the information deducible for different probes from current measurements (at 100 mV and 250 mV) or from a force signal (proportional to the binding energy). Target bases that cannot be distinguished are combined in parentheses. The current-voltage curves calculated for the device involving the nucleobase C as probe are shown in Fig. 2 . The gap between target base and gold electrode ( Fig. 1) leads to relatively small current values at zero bias. Recalling that the figure of merit for distinguishing two different base molecules is that their associated currents differ by at least one order of magnitude, in Table I we present our recognition map. For instance at a bias of 100 mV, using either A, G, or T as a probe, we can distinguish the set A, C, or G from T (while A, C and G cannot be distinguished from each other). In contrast, when C is used as a probe, we can differentiate A and G from C and T. At an increased bias the recognition properties of the proposed device changes. For instance at 250 mV, the A probe provides different currents for A, T and for the C, G pair (C and G however remain indistinguishable from each other). At the same voltage the C probe can distinguish A from G, and C from T, the G probe can distinguish the set (A, G, C) from T, and finally the T probe can distinguish C from A or G, and from T. It therefore appears that T is the most easily to identify base, as also suggested in a previous study [8] . Our scheme, however, adds the ability of identifying A and G, which used to be the major obstacle of nanopore DNA sequencing. In our calculations, this is achievable by using A or C as probe at a bias of 250 mV.
Functionalization of the electrodes with C as a probe appears to yield the best way for a reliable identification of all four base molecules in DNA. This can be achieved by carrying out three sequencing runs at three different bias voltages, namely 100 mV, 250 mV, and 750 mV. The flow diagram shown in Fig. 3 gives the illustration of this proposed protocol of DNA sequencing.
The first set of measurements at 100 mV would result in a series of current signals that fall into two easily distinguishable categories: "high" current values if A or G is the target base, and "low" current values if C or T is the target base. The difference between the two categories is nearly two orders of magnitude, which should make the distinction extraordinarily robust. We now require additional information to resolve the remaining ambiguity between A/G and C/T. In a second measurement at 250 mV, it will be possible to distinguish between C and T, as their respective current values differ by one order of magnitude at that bias voltage. Thus, any "high" current value would lead to the identification of a C in the sequence, while any "low" current value means that a T is at this position in the sequence. Finally, a third measurement at 750 mV causes the current values for the bases A and G to differ by two orders of magnitude, leading to an easy distinction between the two, where "high" current values correspond to A, while "low" current values correspond to G. Having demonstrated the principal capability of our hypothetical device for reliable DNA sequencing, we now turn our attention to understand the electrical response for different target nucleic acid bases. In the following discussion, we concentrate on the most promising setup involving the C probe. The tunneling current (Fig. 2) is obtained by integrating the transmission function shown in Fig.  4 for each target base predominantly within the voltage window [23, 24] . For the given nanopore (2.18 nm wide; see supplementary information), the similarity in the zero-bias transmission-function shape for all target nucleotides can be attributed to the fact that the peaks near E F and within the molecular HOMO-LUMO gap, away from specific molecular orbitals, are mostly associated with the contact states localized on the anchoring group and the gold electrodes (Fig. 1) . The size of the target base, thereby the gap between target and the (right) gold electrode determines the transmission magnitude via the overlap between the electronic states localized on the molecule and the states on the right electrode. Nevertheless, we would like to emphasize here that it is the different effect of the target base on the bias-dependent shift of these peaks that allows one to distinguish between the four nucleic acid bases. When the bias is increased from zero to 250 mV, the transmission peaks associated with the contact states enter the voltage window and contribute to the increase of the current across the device (e.g., the potential on the left electrode increases, thus causing a rise in the energy of the peaks). The position of the peak related to the contact state closely follows the shift of the electrode potential and is only slightly affected by charging/discharging of the state when it is driven between the occupied state on the left electrode and the unoccupied on the right.
It may even be possible in our proposed setup to combine the electrical signal from the transverse current with a force signal [25] driving the ssDNA through the nanopore modified with an anchored probe molecule. Since the binding energy of the selected probe to the target through the H bond is sequence specific, a different force needs to be applied to ensure the DNA strand traverses at a constant speed through the nanopore (see more in supplementary materials). This may provide supplemental information, in addition to the tunneling current, for distinguishing the DNA bases. For instance, using C as the probe, the current results at 100 mV allow for a direct distinction between the sets (A, G) and (C, T), while the binding energies can tell the difference between A and G, and between C and T (Table  I) . By combining the information of the driving force (threshold voltage) with the current results, it would suffice to have a single run with one probe at a given bias to distinguish all four nucleic acid bases.
In summary, we have shown that nanopore-embedded gold electrodes functionalized with molecular probes can lead to a dramatic improvement in the sensitivity of base molecules sensing in a pore-translocating DNA sequence. Our proposed approach focusing on functionalized electrodes for rapid nanopore DNA-sequencing could thus make this method feasible. If the described setup could be successfully implemented, then our findings might have a significant impact as a rapid and most definitive diagnostic tool.
Supplementary Information

Computational Methods
Simulation model. As illustrated in Fig. 1 , the proposed device consists of two metallic gold electrodes embedded opposite from each other across the diameter of a nanopore, with a ssDNA molecule passing through it. A chosen purine or pyrimidine DNA base molecule is anchored to the inner surface of one of the electrodes via a thiol group, acting as the molecular probe of the functionalized electrode. As ssDNA is pulled through the nanopore, the probe molecule will simultaneously stabilize (by forming weak hydrogen bonds) and detect (by coupling electronically) one nucleobase in the ssDNA at a time.
We have investigated four possibilities for the probe base molecule based on the four nucleic acid bases occurring in natural DNA, namely Adenine (A), Cytosine (C), Guanine (G), and Thymine (T). The probe molecule is anchored by a sulfur atom at the hole site of Au(001) surface. The orientation of the probe molecule, however, is assumed to have the H-bonding edge parallel to the electrode surface. Due to the apparent difference in the size of the four bases, distance between the two electrodes is changed according to the size of the probe base ensuring the current measurements within the same detecting scale. For example, the distance between electrodes was 2.27 nm when the purine bases A or G were acting as the probe, and 2.18 nm in the case of the smaller pyrimidine bases C or T.
The molecular probe couples electronically only to a single nucleotide at a time. Therefore, it is sufficient to include only a fraction of the ssDNA molecule, namely one nucleotide (a DNA base terminated by the phosphate-sugar backbone) in the central scattering region of our transverse electron transport calculations. The contributions from neighboring bases are negligibly small in the setup chosen by us due to the large vacuum space between the electrode and the molecular part positioned off the probe. Depending upon the size of the target base, the vacuum length left between the right-side of the DNA molecule and the right electrode will be different.
Electronic structure and geometry optimization. The pairing geometry between the probe and the target molecule is obtained by carrying a full optimization of an isolated pair of two bases terminated by methyl groups. We used the parameterization of Perdew, Burke and Ernzerhof (PBE) [19] for the exchange-correlation functional, and norm-conserving pseudopotentials [26] with nonlinear core correction [27] . The employed reference configuration was 2s [28] . The finite range of the orbitals was defined by an orbital confinement energy [29] of 50 meV. We used a double-zeta basis set with polarization orbitals on all the atoms [28] . The resolution of the real-space mesh was defined by a 150 Ry cutoff, assuring energy and force convergence. The tolerance in maximum density matrix difference is 10 -5 and the tolerance in maximum atomic force is 0.04 eV/Å. The optimized structures of base pairs are then used for transport calculation after substituting the methyl group with the phosphate-sugar backbone. The orientation as well as the structure of the phosphate-sugar is taken from the experimental structure of poly-nucleotides [30, 31] and kept fixed for all the four nucleotides.
NEGF quantum transport formalism. Under the assumption of coherent transport, the electronic transport calculations for such a molecular system coupled to Au electrodes (Fig. 1) are calculated from the non-equilibrium Green's Function method based on the Keldysh formalism, encoded in SMEAGOL, which has been successfully applied to the study of electron transport in molecular systems. The semi-infinite electrodes act as charge reservoirs with electrons following the Fermi-Dirac distribution under a certain temperature (300 K in this case). A central scattering region is defined to include four 4×4 R Au layers along the (001) direction on either side of the electrodes in a periodic supercell as well as the DNA probe-target bases. This region is chosen to enclose the significant change in the electronic structure due to the presence of a bias. And the left and right electrodes outside this region are ensured to be not affected by the rearrangement within this region owing to the short screening length of Au [32] . The semi-infinite effect of the left (right) electrode is taken into account by introducing the self-energy Σ L (Σ R ) in the effective Hamiltonian [23] .
The total current in such a device is given by
where µ 1 and µ 2 are the electrochemical potentials in the two contacts under an external bias V, f(E) is the Fermi-Dirac distribution function. The prefactor value of two is used to take into account the spin degree of freedom.
The transmission function, T(E,V) is an important intrinsic factor describing the quantum mechanical transmission probabilities for electrons.
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It is worth noting that the transmission probability depends not only on the electron energy E but also upon the applied external bias V. More details of the theoretical scheme see Refs. 21-23. In the current calculation, the positions of Au atoms in the electrodes are fixed at the bulk value of a face-centered cubic structure with a lattice constant of 4.08 Å. We have used a Monkhorst Pack grid of 4×4×20 in the Au lead calculation, which sets the boundary condition at the interface between the scattering region and the electrodes. The S anchoring atom lies at the hole site of Au(100) surface with Au-S bond lengths close to an average value of 2.40 Å. Similar to our structure optimization, the PBE exchange-correlation functional form and norm-conserving pseudopotentials were used in Smeagol transport calculations. But in considering the computational cost, single-zeta basis sets with polarization orbitals were used for C, N, O, S and H; while a single-zeta basis set was used for Au with only 6s as the valence electron. Note that the Fermi level in the bulk Au is largely dominated by a broad Au 6s band. The 5d and 6p orbitals only start to play a role at energies 3 eV below or 3 eV above the E F respectively. Since we are only interested in the low-bias (≤1.0 V) regime for transport calculations, the electrodes can be satisfactorily described by the 6s electron only. The resolution of the real-space mesh was again set to a 150 Ry cutoff, and the tolerance in maximum density matrix difference is 10 -4 . The charge density is obtained by integrating the Green's function over 200 imaginary and 1000 real energy points according to the scheme described in Ref. 23 .
Additional notes on results and discussion
The results of tunneling currents corresponding to only one polarity of the bias voltage are given here. The conducting part of the diode-like rectifying I-V curve was used to distinguish the different base pairs of DNA.
Using a force signal to detect different DNA bases, a different force needs to be applied to ensure the DNA strand traverses at a constant speed through the nanopore. The applied force is linearly proportional to the binding energy of the probe-target pair. For a binding energy of 0.5 eV, the rupture of about 1 Å occurs with a force ~1 nN. Considering a typical thickness of 10 nm for a synthesized nanopore, the voltage required for such a force is about 2 V approximated by a uniform electric field across the nanopore. The external driving voltage is linearly scaled with the force, thereby the binding energy. The double/triple of the binding energy doubles/triples the voltage, which becomes detectable for pairs with different numbers of H bonds.
